We simulate a supersymmetric matrix model obtained from dimensional reduction of 4d SU(N) super YangMills theory. The model is well de ned for nite N and it is found that the large N limit obtained by keeping g 2 N xed gives rise to well de ned operators which represent string amplitudes. The space-time structure which arises dynamically from the eigenvalues of the bosonic matrices is discussed, as well as the e ect of supersymmetry on the dynamical properties of the model. Eguchi-Kawai equivalence of this model to ordinary gauge theory does hold within a nite range of scale. We report on new simulations of the bosonic model for N up to 768 that con rm this property, which comes as a surprise since no quenching or twist is introduced.
Introduction
Recent excitement in string theory stems from the fact that known string theories are thought to be perturbative expansions of an 11 dimensional theory called M-theory. The former are believed to be related by dualities and once we construct a non{perturbative de nition of one of them, then we can also describe the vacua of any of the other theories. Two models, the IKKT 1] and BFSS models 2], have been proposed as possible denitions of M{theory. Both models are thought to be closely related 3]. The IKKT model (or IIB matrix model) 1] is a candidate for a constructive de nition of non{perturbative type IIB string theory. If the model possesses a unique vacuum this should describe the space-time in which we live. Space{time arises dynamically in this model and one can in principle predict its dimensionality and low energy geometry. It has even been argued that the gauge group and matter content of our world can arise from the solution of this model 4] .
The IKKT model is a reduction of the 10d SU(N) super Yang{Mills theory to a point, i.e. we restrict the path integral to be only over conTalk presented by K.N.A. at the HEP 2000 Annual Workshop of the Hellenic Society for the Study of High Energy Physics at the University of Ioannina (http://theory.physics.uoi.gr/hep2000/). stant eld con gurations. The model that we investigate in this talk is a 4d counterpart of the IKKT model. Although it is much simpler than the original model one hopes to capture the essential dynamical features of the full model through full scale numerical simulations which will yield information about non{perturbative properties in d = 4. Simulations in four dimensions are possible because the model does not su er from the sign problem, unlike its higher dimensional cousins. Several important issues can be studied in depth like the well de niteness of the model at nite N, the large N limit, the space{time structure and the role of supersymmetry. We can also address the important dynamical issue of the equivalence of the matrix model to the original large{N gauge theory in the sense of Eguchi and Kawai 5] . We report on large scale simulations of the supersymmetric and the bosonic model { obtained by omitting the fermions in the action 6]. By using a carefully constructed hybrid-R algorithm 7] the computational e ort in the SUSY case increases only as N 5 and we are thus able to simulate systems with size up to N = 48. The bosonic model is simulated as in Ref. 8] The model has SO(d) rotational symmetry, which is the euclidean version of the Lorentz invariance of the original model before reduction. The SU(N) gauge invariance of the non{reduced model becomes
The N = 1 supersymmetry of the non{reduced model takes the form (1) A = i 1 ?
= i 2 ? A ; A ] 1 (3) whereas after reduction the model acquires a second supersymmetry (2) A = 0 (2) = 2 : (4) The supercharges can be combined toQ 1 = Q (1) + Q (2) andQ 2 = i(Q (1) ? Q (2) ) which obey the commutation relation proposed that the space{time metric is encoded in the density correlations of the eigenvalues and that di eomorphisminvariance stems from the invariance of the model under permutations of the eigenvalues. They also suggest that the gauge group is obtained from the clustering of eigenvalues in clusters of size n. Then the low energy theory acquires SU(n) local space-time gauge symmetry.
The rst question about this model is whether it is well-de ned as it stands. Since the integration domain of dA is non-compact, divergences are conceivable. However, our results 6] conrm the original results of 11] that this model is well-de ned for large enough N; there is no need to impose an IR cuto . This implies that the only parameter g is simply a scale parameter that the theory determines dynamically. It can be absorbed by introducing dimensionless quantities X = A =g 1=2 ; = =g 3=4 :
3. Numerical Simulations
For our simulation we start by integrating out the fermionic variables which can be done explic- 
We apply the Hybrid R algorithm 7] to simulate this system. In the framework of this algorithm, each update of a con guration is made by solving a Hamiltonian equation for a xed \time"
. The algorithm is plagued by a systematic error due to the discretization of that we used to solve the equation numerically. Special care is taken so that the systematic error is of order 2 , up to logarithmic corrections 6]. We performed simulations at three di erent values of the time step . Except in Fig. 2 , we nd that the results do not depend much on (below a certain threshold), so we just present the results for the value = 0:002, which appears to be su ciently small. Extra care is taken so that the computational e ort increases only as N 5 (in the bosonic case the corresponding e ort increases only as N 3 ). Therefore for the supersymmetric case we were able to obtain 3060, 1508, 1296, 436 con gurations for N = 16; 24; 32; 48 respectively. For the bosonic case, we used 1000 con gurations for each N. The N 32 simulations were performed on a linux farm at NBI and the N = 48 on the Fujitsu VPP500 at High Energy Accelerator Research Organization (KEK), the Fujitsu VPP700E at The Institute of Physical and Chemical Research (RIKEN), and the NEC SX4 at Research Center for Nuclear Physics (RCNP) of Osaka University supercomputers.
The space structure
In the IIB matrix model, the space coordinates arise dynamically from the eigenvalues of the matrices A 1]. In general the latter cannot be diagonalized simultaneously, which implies that we deal with a non-classical space. We measure its uncertainty by 2 
Polyakov and Wilson loops
We de ne the Polyakov loop P and the Wilson loop W | which is conjectured to correspond to the string creation operator | as
W(p) = 1 N Tr e ipA1 e ipA2 e ?ipA1 e ?ipA2 : (12) Of course the choice of the components of A is irrelevant, and the parameter p 2 R I can be considered as a \momentum". Now g(N) has to be tuned so that hPi; hWi remain nite as N ! 1. This is achieved by g / 1= p N ;
which leads to a beautiful large N scaling; Fig.  3 shows the invariance of hPi for N = 16 : : :48 in SUSY. Also the bosonic case scales accurately 6]. We proceed to a more explicit test of EguchiKawai equivalence by checking the area law for hW(p)i. Fig. 4 shows that the area law seems to hold in a nite range of scale for the model with supersymmetry. Remarkably,the behavior is very similar 6] in the bosonic case 2 . There we further investigated the behavior at much larger N 12], and we observed that the power law regime does neither shrink to zero | as it was generally expected | nor extend to in nity | a scenario which seems possible from Fig. 4 . At least in the bosonic case its range remains nite at large N as can be seen in Fig. 5 . For the bosonic case, a 1=d expansion 8] suggests large N factorization to hold as well, but it also predicts hO 1 : : :O n i = O(N ?2(n?1) ) (n 2). This is con rmed numerically 6]: in particular the 3-point functions now require Z 3 / N 4 . Therefore no universal renormalization factor Z exists in the bosonic case, which is an important qualitative di erence from the SUSY case.
Conclusions
We reported results from numerical simulations of the 4d IIB matrix model, both, SUSY and bosonic. In the SUSY case we varied N up to 48, which turned out to be su cient to study the large N dynamics.
We con rmed that the model is well-de ned as it stands, hence g is a pure scale parameter. The space{time coordinates arise from eigenvalues of the bosonic matrices A . The extent of space{ time follows a power law with N with power of 1=4. In SUSY this agrees with the branched polymer picture. Fermions leave the power unchanged but reduce the space{time uncertainty | though it remains nite at large N. Space{time is quantum with the uncertainty in determining space{ time points to scale together with the extent of space{time, surviving thus the large N limit.
The large N scaling of Polyakov and Wilson loops and their correlators requires g / 1= p N in SUSY and in the bosonic case, but the wave function renormalization is qualitatively di erent: only in SUSY a universal renormalization exists. Using a rough argument presented in Ref. 6 ] this suggests that supersymmetry renders the world sheet smoother than in the bosonic case. Indeed such a phenomenon has been observed in the dynamical triangulation approach 14].
The area law for Wilson loops holds in a nite range of scale for the SUSY and the bosonic case. The latter comes as a surprise, and we checked up to N = 768 that this range remains indeed nite. Hence Eguchi-Kawai equivalence to ordinary gauge theory 5], even without quenching or twist, may hold in some regime.
